Phase sequence exchanging technology (PSET) is a recently developed emergency control technology for out-of-step power systems. The PSET system does not satisfy the condition of synchronization however, and will produce impulse current and impact torque. In this paper, the impulse current and impact torque produced by PSET are calculated. Taking the three-phase short circuit at the generator outlet as a reference, the impulse current generated by PSET is determined to be less than half of the threephase short circuit at the generator outlet, which is within the system's endurable range. When the system connection reactance is 0.543 times larger than generator direct axis sub-transient reactance, it can endure the impact torque produced by PSET. To reduce the impact and improve the practicability of PSET, a splitphase switching control method is proposed in this paper. The characteristics of fast breaking are utilized to turn off the solid-state circuit breaker separately when the three-phase current is at zero-crossing, and after exchanging the phase sequence, it is turned-on separately when two sides of the three-phase voltage are equal. An example is provided to verify that the impact of PSET can be dramatically reduced by using the proposed control method instead of the traditional simultaneous switching control method.
I. INTRODUCTION
The continuous expansion of the power system is creating an increasingly complex power grid structure [2] - [4] . This is further complicated by emerging inter-regional tie lines and long-distance large-capacity transmission systems. Due to environmental and economic constraints, the system operates at a level close to the stability limit state, meaning that maintaining the security and stability of the power system is increasingly serious [5] - [10] . Due to the emerging electricity market, additional changes are predicted to occur in the operation mode and conditions of the power grid, making its dynamic behavior increasingly complex [11] .
Emergency control systems are an effective measure to improve system stability and the ensure safe and stable The associate editor coordinating the review of this manuscript and approving it for publication was Lin Zhang . operation of the power grid [12] - [18] . Such procedures can take control of the power system in a disturbance emergency to prevent the system from compromising stability or exceeding operating parameters, as well as further expansion of the accident which could lead to widespread blackouts [19] . Emergency control can also improve the transmission power of some transmission lines in which capacity is limited by transient stability limit, and even boost the transmission power of lines close to the static stability limit [20] - [22] . In the modern power system, the purpose of emergency control decision making is to determine control measures which can stabilize the system and minimize costs under given faults.
Reference [1] presented a recently developed emergency control method, phase sequence exchange technology (PSET). This technique utilizes controllable power electronic components to form a phase sequence exchanging device, taking the system power angle as a control variable to realize a series of functions including fast interruption, phase sequence adjusting, and fast closing at the appropriate time. Phase sequence exchange technology can prevent a system from becoming out-of-step, while still maintaining the structural integrity of the power grid. As detailed in [1] , the PSET process begins when the power electronic device, consisting of solid state circuit breakers, disconnects the line. The phase sequence is then exchanged in turn, and the solid state circuit breaker is activated. However, after switching, the power angle of the system does not usually satisfy the condition of synchronization when the solid state circuit breaker is activated. Thus, impulse current and torque will inevitably occur in the closing process [23] - [26] . Impulse current can destroy the generator, terminate the electrical performance of the power system, and burn generator windings in serious cases. Additionally, the impact current can produce tremendous stress on the stator end winding of the generator, destroying the winding itself. The impact of electromagnetic torque can also produce strong torsional stress, which will cause fatigue loss in the torsional vibration of the system, shorten the service life of the shaft, and potentially lead to immediate fracture of the generator shaft [27] - [34] . In [27] , it was determined that asynchronous closing can be carried out when there is enough contact reactance between two parts of the power system. It is therefore necessary to calculate and verify the impact caused by PSET, and to verify the "cost" of the phase sequence exchanging operation. Once this is determined, the appropriate control mode can be adopted to return the system to synchronization with minimum impact on the system.
The main contributions of this paper are as follows:
1. The impulse current and impact torque produced by PSET are calculated 2. The impulse current produced by PSET is determined as less than half of the three-phase short-circuit current at the generator outlet, thus the power grid can withstand it.
3. The conditions under which the system can withstand the PSET impact torque are calculated. 4. A control method to reduce the impact of PSET is proposed.
5. An example is provided to verify the effectiveness of the control method.
The remainder of this paper is organized as follows: Section II briefly introduces the phase sequence exchange technology. In Section III, the impulse current and impact torque generated by the PSET is calculated, and the conditions under which the system can withstand the impulse of PSET are provided. A split-phase switching control method of turning-off at the zero-crossing point of current and turning-on at the equal voltage control is proposed in Section IV to reduce the impact of PSET on the system. Section V verifies the effectiveness of the control method by actual system simulation, and concluding remarks are provided in Section VI. 
II. INTRODUCTION OF PHASE SEQUENCE EXCHANGE TECHNOLOGY
Phase sequence exchange technology (PSET) is a recently developed power system emergency control method which can be used to prevent the system from entering an out-of-step condition. In a case such as a one-machine-to-infinite-bus system that has experienced disturbance in which the power angle has swung to a certain angle between 90 • -180 • , PSET can be used. The power angle threshold of PSET is set to δ m . When the system is out-of-step and the power angle swings to δ m , using power electronic equipment quickly misaligns the connection by disconnecting the primary side phase of the contact line. The A, B, C three-phase sequence then connects to the three-phase C, A, B sequence, instantaneously reducing the angle by 120 • , thus restraining the system from entering the out-of-step condition. A power angle vector diagram illustrating this process is provided in Fig. 1 .
In a situation in which the phase sequence exchange is δ = δ m , the following steps must be followed. Take phase A, where the power angle δ A before the phase sequence exchange is the angle between phasorĖ A andU a . After the phase sequence exchange, the power angle δ A is the angle between the phasorĖ B (which is changed toĖ A after the phase sequence exchange) andU a . A vector diagram of phase A and a phase sequence connection diagram are provided in Fig. 2 , where it can be seen that the phase sequence exchange reduces the power angle of the system by 120 • .
III. THE IMPACT OF PHASE SEQUENCE EXCHANGE TECHNOLOGY
This section verifies the feasibility of the commutation sequence operation from the two aspects of impulse current and impulse torque. The most serious fault is the three-phase short circuit at the generator outlet, which is used as the calibration benchmark. If the impulse current and torque caused by the commutation sequence are less than those caused by the three-phase short circuit at the generator outlet, the impact caused by commutation sequence can be considered within the endurable range of the system.
A. IMPULSE CURRENT CALCULATION
A one-machine-to-infinite-bus model is used for analysis in this paper, as shown in Fig. 3 . In this model,Ė is the generator no-load potential,U is the infinite bus voltage, X d is the generator direct axis sub-transient reactance, and X s is the system connection reactance, including transformer reactance X T and line reactance X l . The loop resistance is neglected in the analysis process.
The voltage phasor diagram at closing is shown in Fig. 4 . Here, U is the relative difference between the generator potentialĖ and infinite bus voltageU when activated, while U d and U q are the projections of U on D and Q axes, respectively. Due to U = 0, impulse current will be generated during closing.
According to Fig. 4 , it can be determined that:
The d and q axis components of the impulse current are:
Therefore, the magnitude of the impulse current is:
Assuming X d = X q and E = U , Eq. (3) can be simplified as follows:
B. CONDITIONS TO WITHSTAND IMPULSE CURRENT
When δ = 180 • , the impulse current generated by closing (without considering the aperiodic component) reaches the maximum, which is about 2U / X d + X s . In practical application, phase sequence exchanging must be achieved before the power angle reaches 180 • . Assuming the exchange phase sequence is δ = 150 • , the power angle of the system is δ = 30 • when activated, and the current value obtained is far less than that in the most serious case. Substituting δ = 30 • to Eq. (4), the impulse current is approximately 0.52U / X d + X s . Based on the impulse current generated by the three-phase short circuit at the generator outlet, the impulse current created by PSET is then analyzed to determine if the system can withstand the impulse current. The initial periodic component current I (3) k of the generator terminal when three-phase short circuit suddenly occurs is:
The ratio of the impulse current caused by PSET to the impulse current caused by the three-phase short circuit at the outlet is defined as k:
Assuming U = 1.0 and E d = 1.05, then k is:
According to Eq. (7), as X s /X d > 0, then k < 0.5 is always valid, that is, the impulse current caused by PSET is less than half of the three-phase short circuit current at the outlet. Therefore, it is concluded that the impulse current caused by PSET is far worse than that caused by the threephase short circuit at the generator outlet.
As stated in [27] , when considering the impact of impulse current produced by asynchronous closing on the generator, the electromotive force produced by the current at the end of stator winding must be less than half of the electromotive force produced by the three-phase sudden short circuit. That is to say, the impulse current under asynchronous closing is less than 1/ √ 2 of the three-phase short circuit current. It can be clearly seen from Eq. (7) that the impulse current caused by PSET satisfies the relationship numerically. Therefore, it is concluded that the impulse current generated by PSET is acceptable to the system.
C. IMPACT TORQUE CALCULATION
Applying the superposition principle, the turning-on process of PSET can be seen as a sudden series of voltage sources at 164736 VOLUME 7, 2019 the break of the solid state circuit breaker, which are equal to the break voltage before closing and opposite in direction. A schematic diagram illustrating this principal is provided in Fig. 5 .
Before turning-on, the voltage difference between the generator potentialĖ and the infinite bus voltageU is U ; the closing process is considered a sudden series of voltage sources − U at the break, and the superimposed power source − U acts on the generator in the non-excitation state (i.e., zero initial state). The essential principal of calculating impulse electromagnetic torque is to analyze the additional current and flux linkage generated by the stator loop under the action of superimposed power supply, and to add them to the stator current and flux linkage before turning-on. This will provide the current and flux linkage of the stator loop immediately after turning-on. The final closing impulse torque is calculated according to Eq. (8) .
where i d|0| , i q|0| , ψ d|0| , ψ q|0| are the d and q components of stator current and flux linkage before closing, respectively, I d , I q are the d and q axis current caused by superimposed power supply, and ψ d , ψ q are the d and q axis flux caused by superimposed power supply. The analogical Eq. (1) decomposes the superimposed power − U into d and q axes, providing:
The Laplace operation form of the basic voltage and flux equation of synchronous machine can be written as [39] :
Eq. (10) is an image functional equation containing only stator variables and excitation voltage. The detailed meaning of each variable can be found in reference [39] . As the superimposed power acts on the generator without excitation, the Laplace equation of superimposed components can be written in the following form (ignoring stator resistance):
where − U d and − U q are the d and q axis components of the superimposed power supply − U , respectively, while ψ d (p) and ψ q (p) are the image functions of the d and q axis flux linkage caused by the superimposed power supply. Subscript I d (p) and I q (p) are image functions of d and q axis currents caused by superimposed power supply, respectively, X d (p) and X q (p) are the calculating reactance of the straight axis and quadrature axis. When t = 0, X d (p) and X q (p) are equal to X d and X q of the straight axis and quadrature axis subtransient reactance. If the system connection reactance is taken into account, X d and X q can be replaced by X d + X s and X q + X s .
The unknowns in Eq. (11) are ψ d (p), ψ q (p), I d (p) and I q (p), and the number of equations and unknowns is four. Solving the equation provides:
The inverse Laplacian transformation of Eq. (12) is carried out, and the time domain analytical formula is obtained.
By substituting the d and q axis components of superimposed power supply in Eq. (9) into Eq. (13), the time domain analytical expressions of current and flux caused by superimposed power supply are determined.
The expressions of the d and q axis components of current and flux caused by superimposed power supply are shown in Eq. (14) .
Before activation, the generator is in a no-load operation state, and i d|0| = i q|0| = 0, ψ d|0| = E and ψ q|0| = 0.
By substituting the current caused by the superimposed power supply in Eq. (14) , as well as the flux linkage and the current and flux linkage in the initial state of the generator before closing into Eq. (8), the final expression of the electromagnetic torque at closing can be obtained.
In Eq. (15), E is the no-load potential of the generator, U is the system side voltage, δ is the power angle when closing, and δ e is the angle experienced after closing. The generator rotor slip is neglected in this formula, that is to say, the generator speed is at speed ω 0 when it is activated. In fact, the speed of the generator is not ω 0 at this time, however, when calculating impact torque, neglecting the speed deviation of 5%∼10% does not affect the final calculation result.
D. CONDITIONS TO WITHSTAND IMPULSE TORQUE
Eq. (15) is the expression of impulse torque which ignores the generator slip. Assuming that the vertical and quadrature subtransient reactances are equal, that is X d = X q , a simplified electromagnetic torque expression can be obtained:
If the generator no-load potential E is 1.2 and the system side voltage U is 1.0, the combined formula (3-16) is as follows:
After phase sequence exchanging, the power angle of the system is reduced by 120 • , assuming that the power angle of the system is in the range of 20 • to 60 • when the system is activated. Fig. 6 provides an image of the electromagnetic torque function in a power frequency cycle after activation as according to equation. (17) .
According to Fig. 6 , the maximum electromagnetic torque appears at δ = 60 • , δ e = 146.9 • , and the maximum torque value is approximately 2.369/ X d + X s . That is to say, when the power angle is 60 • , and turning 146.9 • electric angle after turning-on, the electromagnetic torque reaches its peak value, that is, the impact torque produced by PSET is
The impact torque generated by the three-phase shortcircuit at the generator outlet is still taken as a reference to analyze the impact torque tolerance capacity of the system. The three-phase short circuit at the outlet is equivalent to the sudden closing of the generator in the zero potential system. Therefore, U = 0, X s = 0 is substituted for Eq. (16) to obtain the electromagnetic torque T (3) ek of the three-phase short circuit at the outlet:
where E d is the transient potential of the short circuit, and is usually 1.05. Obviously, when δ e = 90 • , which is 1/4 cycle after activation, the electromagnetic torque reaches the maximum T
ek | max = 1.103/X d . Taking the three-phase short circuit at the outlet as a reference, the impact torque produced by PSET must be less than that produced by the short circuit. That is:
Eq. (17) and Eq. (18) are then introduced into Eq. (19), providing the following:
When the contact reactance X s is greater than 0.543 times that of the generator's straight axis sub-transient reactance X d , the impact torque caused by PSET is less than that caused by the three-phase short circuit at the outlet.
The contact reactance of the system mainly depends on the transformer and the line. When the contact reactance of the system does not satisfy Eq. (20), the system cannot withstand the impact torque caused by PSET. In order to satisfy Eq. (20) , the contact reactance of the system can be increased by splitting the winding transformer and installing a current limiting reactor to satisfy the application conditions of PSET. However, the excessive contact reactance of the system will reduce the static stability and power limit of the system, as well as weaken the anti-disturbance ability. Therefore, it is necessary to assess advantages and disadvantages in order to reduce the impact torque. The contact reactance is usually 0.543 times larger than the direct-axis transient reactance of the generator. Thus, the general power system can withstand the impact torque caused by PSET.
IV. A CONTROL METHOD TO REDUCE THE IMPACT OF PSET
In the process of phase sequence exchanging, the opening and closing operation of the solid state circuit breaker (SSCB) will create overvoltage and overcurrent in the power system, reducing the stability of system operation, and posing a large safety risk to high-voltage transmission lines and power equipment [35] , [36] . In the previous section, a splitting winding transformer and current limiting reactor were proposed to increase the contact reactance of the system to reduce the impact of PSET. However, the excessive contact reactance of the system will affect its transient stability. In this section, a control method to reduce the impact of PSET is put forward.
When the voltages on both sides of the system are equal, the turn-on current is the smallest [37] , [38] . Based on this condition, a split-phase switching control method is proposed. After the SSCB receives the phase sequence exchanging command, the real-time values of voltage and current are obtained by sampling. When the currents of the three phases respectively cross the zero point, the three-phase SSCB is turned off in turn. After the three phases are completely turned off, the phase sequence is exchanged and a signal is sent to allow system activation. The voltage across the SSCB is then compared, and when it is equal, the system can be activated and the phase sequence exchange is complete.
The connection mode before the system is shut off ahead of phase sequence exchanging is illustrated in Fig. 2 . The current i A of phase A is the current from A to A'. Fig. 7 shows a schematic diagram of opening with current zero-crossing. The red, green, and blue curves in Fig. 7 respectively represent i A , i B and i C of the three-phase current. Subscripts t 1 , t 2 and t 3 are the first zero crossing of three-phase current i C , i A and i B after receiving the phase sequence exchange signal (PSE signal) at t 0 . As the SSCB has a fast breaking speed and can achieve precise control, it can be opened at the time when the phase currents cross the zero point, in which the surge voltage to the system is minimized. The real-time change of the current is determined by sampling the instantaneous value of the current through the current transformer. In Fig. 7 , the earliest zero-crossing point of C-phase current is monitored and the C-phase shut off signal is sent out. The other two phases are analogous, and the current transformer continues to monitor the current of A and B phases. When the current crosses zero point, the system shut off signal is sent to turn off the three-phase split-phase.
When all three phases are turning-off, zero-crossing voltage should be detected. According to the system connection diagram following phase sequence exchanging in Fig. 2 , the voltage u A of phase A after phase sequence exchanging is the voltage difference between the A phase of the original generator and the C' phase of the system. The voltage u B of phase B after phase sequence exchanging is the voltage difference between the B phase of the original generator and the A' phase of the system. The voltage u C of phase C after phase sequence exchanging is the voltage difference between the C phase of the original generator and the B' phase of the system.
A schematic diagram of the equal-pressure activation process is provided in Fig. 8 . The solid line in the figure is the voltage waveform on the left side (generator) of the SSCB, and the right-dashed line is the voltage waveform on the right side (system) of the SSCB. The three diagrams a), b), and c) in Fig. 8 respectively illustrate the three-phase turning on situation of a, b, and c. The closing action of the SSCB is controlled by the comparison of voltages on both sides of the SSCB.
As shown in Fig. 8 , after the allowable activation signal is issued at time t 4 , the voltage on the left and right sides of phase B first reach the same value, then the switch on signal is issued to complete activation. Phase A and phase C are then activated in sequence after reaching the switching on condition. The three phases then complete activation and the phase sequence is exchanged.
This control method requires the instantaneous value of voltage and current in the process of turning-on and turningoff, however, it can be utilized selectively according to the operating conditions, resulting in less system impact and superior performance.
A split-phase switching control method is proposed in this section which utilized the characteristics of fast breaking of the solid-state circuit breaker for shutting off at the zero-crossing point of current and activating when two sides of the three-phase voltage are equal. The impact of PSET can be reduced through the control mode of split-phase activation and shutting off.
The flow chart in Fig. 9 summarizes the proposed control method.
In short, any phase is shut off when the current equals zero, exchange phase sequence after the three phases are shut off, and any phase are switched on when the voltage equals zero. 
V. A SIMULATION TEST A. POWER SYSTEM MODEL
Simulink was used to build a simulation model to verify the effectiveness of the control method proposed in the previous section. The one machine infinite bus (OMIB) system model was utilized in the simulation, as shown in Fig. 10 .
Generator terminal voltage was 20 kV, run through a 20 kV/242 kV transformer and a 110 km double-circuit transmission line connected with a 220 kV infinite bus system. The relevant parameters of the system were as follows transformer capacity 360 MVA; impedance of the transmission line x 0 = 0.89145 ( /km); x 1 = 0.32578 ( /km); c 0 = 8.257 × 10 −9 (F/km); c 1 = 11.2567 × 10 −9 (F/km); r 0 = 0.22131( /km); r 1 = 0.03921( /km). The parameters of the double circuit lines were the same, that is Z 1 = Z 2 .
B. SIMULATION ANALYSIS
To reduce the impact of PSET, a control method is proposed in which the solid-state circuit breaker is applied to PSET for switching off separately at the zero-crossing point of three-phase current and activating separately when there is equal voltage on both sides. To verify the control effect of split-phase switching, the control methods of three-phase simultaneous switching are compared in this section.
In the simulation, the initial state of single machine infinite bus system is stable, and a three-phase short-circuit fault occurs at the beginning of loop II at 0.1 s. After the fault lasts for 0.2 s, the fault line is removed and the system changes from double-loop operation to single-loop operation. Because of the serious short-circuit fault, the power transmission between the generator and system side is unbalanced, the generator rotor accelerates, and the system is unstable. The wave of rotor speed, power angle, three-phase voltage, and current waveforms are provided in Fig. 11 (a), (b) , (c), and (d), respectively. Fig. 11 (a) shows the speed of the generator rotor. It can be observed from the figure that the speed of the generator rotor is stable at the rated speed before the short circuit. The speed then rises linearly after the short circuit, and rises in fluctuation after the fault is removed. Each fluctuation is accelerated and then decelerated, and the overall trend of acceleration is still present. Fig. 11 (b) shows the power angle of the system. Before the fault, the power angle of the system is 46.3 • . After the fault, the power angle oscillates between 0 • and 360 • , and the frequency of the first few cycles is slower. As the rotor accelerates, the oscillation time becomes longer and the frequency becomes faster. Fig. 11 (c) shows the three-phase current of the line. Before the fault is removed, the three-phase current increases sharply. After the fault is removed, the three-phase current begins to oscillate, the amplitude changes sinusoidally, and the frequency difference between the two sides of the system is the frequency difference. The maximum amplitude can reach two-thirds of the three-phase short-circuit current. Fig. 11 (d) shows the three-phase ground voltage on the generator side, which changes to zero when the short-circuit occurs. When the fault line is removed, the voltage waveform appears at peak overvoltage, then the amplitude of the waveform changes sinusoidally with the frequency difference between the two sides of the system.
Due to the late removal of the fault, the system experiences a loss of synchronism. In this case, PSET is used to prevent the system entering an out-of-step condition. In this simulation, a solid state circuit breaker is used realize the PSET.
A three-phase short-circuit fault then occurs at the beginning of loop II at 0.1 s. After the fault lasts 0.2 s, the fault line is removed, the generator rotor accelerates, and the system is unstable. At 0.314 s, the three-phase current of loop I is switched off simultaneously. The three-phase commutation sequence is then connected A to c, B to a, and C to b. The three-phase connected solid-state circuit breaker is switched on at 0.322 s to restore the three-phase current at the same time, and the phase sequence exchanging operation is completed. The wave of rotor speed, power angle, three-phase voltage, and current waveform are provided in Fig. 12(a) , (b), (c), and (d), respectively.
As illustrated in Fig. 12(a) , the rotor speed is accelerated from the short circuit to the phase sequence exchange. The phase sequence exchange is completed at 0.322 s, at which point the rotor begins to decelerate, and stabilizes at the rated speed after amplitude reduction oscillation.
As seen in Fig. 12(b) , the power angle oscillates after the short circuit, but when the phase sequence exchange is completed at 0.322 s, the power angle is instantly pulled back from 177 • to 57 • . The power angle then stabilizes at 56 • after amplitude reduction oscillation, and the system returns to stable operation. Figure 12 (c), shows the presence of a large three-phase impulse current in the phase sequence exchange. This is caused by unequal voltage at the two ends of the solid-state circuit breaker, resulting in activation impulse overcurrent. The current is then stabilized by three small fluctuations.
As illustrated in Fig. 12(d) , an impulse overvoltage is generated due to the switching current of the solid state circuit breaker during phase sequence exchange, then the voltage oscillation attenuation tends to be stable.
Comparing Fig. 12 with Fig. 14, it can be observed that the single machine infinite bus system will cause system oscillation after a serious three-phase short circuit occurs at the generator side outlet bus. When the system is out of step, the application of PSET can effectively prevent the system from oscillating, and the rotor speed, power angle, three-phase voltage, and current tend to be stable after a short fluctuation. Therefore, PSET can return an oscillating system to a stable operation state and realize system stability control. At the same time, PSET produces impulse current and impulse voltage, and the impulse voltage produced by PSET is higher than that produced by a three-phase short circuit. Even if the system can be restrained from an outof-step state, the system can not endure the impulse voltage generated by PSET.
The following section aims to reduce the impact of PSET by the method of split-phase switching control. In the simulation, a three-phase short circuit occurs at 0.1 s, and fault lines are removed at 0.3 s. The system starts to oscillate, and achieves the power angle threshold of PSET at 0.314 s. At the same time, the switch off instruction is issued. When the zero-crossing points of A, B, and C three-phase currents are monitored, the three-phase sequence is exchanged and A is connected to C, B is connected to a, and C is connected to b. The voltage at the two ends of the solid state circuit breaker connected to the three phases is then measured, and the solid state circuit breaker is closed when the voltage of both ends of the solid state circuit breaker is equal, finally completing phase sequence exchange. The wave of rotor speed, power angle, three-phase voltage, and current waveforms are shown in Fig. 13(a) , (b), (c), and (d), respectively.
Comparing Fig. 12 and Fig. 13 , it can be observed that the phase sequence exchange operation of two different control modes can stabilize the system. Wave comparison under two different control modes is provided in Fig. 14. Mode 1 is split-phase switching control, which is represented by the red line. Mode 2 is simultaneous switching control, which is represented by the blue line.
As illustrated in Fig. 14(a) and (b), although the effect of control mode 1 is slightly better, the changes of rotor speed and system power angle are essentially the same after PSET of different control modes at the same power angle position. This finding illustrates that power angle is the main factor determining the transient change after phase sequence exchange. Fig. 13(c) and (d) show that the impulse current produced by different control modes is essentially the same, but the impulse overvoltage is different. The maximum impulse overvoltage is as high as 2000 kV with simultaneous switching, while the maximum overvoltage is only 300 kV with split-phase switching. The lower overvoltage dramatically reduces the risk of system insulation breakdown and the voltage withstanding requirements of solid-state circuit breakers.
In the process of the PSET, the impact of the control mode of split-phase switching is minimal, which is beneficial to the stable operation of the system. At the same time, simultaneous switching has the advantages of simplicity, reliability, and economy. Considering the maximization of the effect of PSET, split-phase switching is preferable for the phase sequence exchange operation. When split-phase switching fails or emergency phase sequence exchange is required, the quick action speed of simultaneous switching can be used as a standby to provide double insurance for the PSET. 
VI. CONCLUSION AND FUTURE WORK
Phase sequence exchanging technology (PSET) is a recently developed emergency control technology for out-of-step power systems. The PSET system does not satisfy the condition of synchronization however, and will produce impulse current and impact torque.
In this paper, the impulse current and impact torque produced by PSET were calculated to be 0.52U / X d + X s and 1.702/ X d + X s , respectively. Taking the three-phase short circuit at the generator outlet as a reference, the impulse current generated by PSET was determined to be less than half of the three-phase short circuit at the generator outlet, which is within the system's endurable range. When the system satisfies X s /X d > 0.543, it can withstand the impact torque produced by PSET. This finding is relevant for the practical application of PSET in order to directly determine whether the system can withstand the impact of phase sequence exchange.
To further reduce the impact of PSET on the system, a split-phase switching control method was proposed.
Using this method, the system is shut off at the zero-crossing point of current and activated when two sides of the three-phase voltage are equal. An example was then provided which verified the effectiveness of the proposed control method.
As PSET is a recently developed emergency control technology, many theoretical and practical issues remain to be solved. The research and development of a phase sequence exchange device is a complex subject requiring design of the commutation sequence device itself (such a device has been proposed in previous papers which are under review). The impulse calculation and control strategy of phase sequence exchange must also be determined, as well as the installation position of the commutation sequence in the system. The acquisition and transmission of commutation sequence control signal are practical problems.
Application of the proposed control method was limited to Simulink simulation in this paper. Considering the financial and time cost of conducting a dynamic model test, this work will be conducted in the future when further conclusions are obtained from subsequent related studies.
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